Humans perceive heading accurately when they rotate their eyes. This is remarkable, because (1) the pursuit eye movement makes the retinal flow more complicated; and (2) the eye rotation causes a continuous change of the heading direction on the retina. The first problem prevents a simple association of the centre of flow on the retina with the heading direction. To solve it, the brain needs to take into account the flow associated with the eye's rotation. But even if this is done correctly, the resulting estimate of the heading is retino-centric and changing over time. Thus, the processing time to retrieve the heading from the flow field will cause a lag with respect to the actual heading direction. We investigated the latency for heading perception. We presented step wise changes of the centre of expanding flow to stationary and moving eyes. This mimics the movement of the heading direction across the retina, but avoids the complicating effects of rotational flow. For a stationary eye, we found a bias in perceived heading that corresponds to a latency of 300 ms or more. Yet, errors in heading perception are marginal normally, because we found an opposite bias for the moving eye, which counters the errors due to latency and a changing retino-centric heading direction. This suggests that the current heading direction is predicted from the extra-retinal signal and the delayed visual signals.
Introduction
recognized that the expanding motion pattern, that is received by an eye that moves on a linear track, contains a powerful cue to the direction of heading: the focus of outflow (FO) . Humans can use that cue, but they can also perceive their aimpoint accurately during eye rotations (Warren & Hannon, 1990; Royden, Banks & Crowell, 1992; van den Berg, 1992 van den Berg, , 1996 . This is remarkable, because the rotation adds a component to the flow that shifts the FO away from the aimpoint, in the direction of rotation (Regan & Beverley, 1982; Perrone & Stone, 1994) . This shift of the FO relative to the heading direction due to the eye's rotation is called the rotation problem. Normally, extra-retinal signals and retinal flow combine to achieve correct responses. When the extra-retinal signal is nulled by presenting to a stationary eye the flow of a rotating eye, heading errors are larger (Royden, Crowell & Banks 1994; Banks, Ehrlich, Backus & Crowell, 1996; van den Berg, 1996) and heading is more sensitive to noise (van den Berg, 1992 ). Yet, these errors are just a few degrees up to rotation rates of about 6 deg/s when subjects are instructed to report their direction of ego-motion relative to the fixation point (van den Berg, 1996) or their direction of skidding when moving on a curved path (Stone & Perrone, 1997) . This shows that the extra-retinal signal is not always necessary to achieve reasonably accurate heading percepts. Consequently, much theoretical effort has been spent to elucidate visual mechanisms of flow analysis that could handle the rotation problem (Rieger & Lawton, 1985; Hildreth, 1992; Perrone, 1992; Perrone & Stone, 1994; Lappe & Rauschecker, 1995; Royden, 1997) . Recent models have begun to explore how visual and extraretinal signals could interact to perceive heading (Bradley et al., 1996; Beintema & van den Berg, 1998; Lappe, 1998) . Despite the different approaches to solving the rotation problem, all models share the property that they find the heading direction relative to the retina.
So far, little attention has been given to the fact that the retino-centric direction of heading is changing con-tinuously during the eye rotation. For example, when cycling straight ahead and fixating a tree to the side, the image of the tree will be stationary on the fovea whereas the heading direction becomes more eccentric over time (Fig. 1a) . Any processing time required to determine heading from the retinal flow would cause the perceived heading to lag the actual heading direction. Thus, the eccentricity of the heading direction would be underestimated and perceived heading would be biased in the same direction as the eye's rotation. In most of the earlier studies the effects of changing retino-centric heading direction per se and the change of the retinal flow's structure due to the eye's rotation were confounded. Only in a recent study (Stone & Perrone, 1997 ) motion on a circular path was simulated with a constant fixation direction relative to the tangent to the path. In that case, the retino-centric heading direction is constant despite the rotational component in the flow. Accurate perception of retino-centric heading direction was found for rotation rates as high as 16 deg/s at a simulated forward speed of 8 m/s (Stone & Perrone, 1997) . In contrast, in some earlier studies Banks et al., 1996) , simulating much slower forward motion (92 m/s), it was concluded that accurate heading perception for simulated rotation and translation of the eye was possible only up to about 1.5 deg/s. In those experiments rotational flow and a change in retino-centric heading direction over time occurred. Because these studies differed in many respects, firm conclusions can not be drawn. Yet, the contrast in the amount of tolerable rotation reinforces the question to what extent the changing retino-centric heading direction per se contributes to heading errors. To answer this question one needs a stimulus that changes the retinal direction of heading over time without introducing rotational flow on the retina. This was achieved by simulating a sequence of saccadic rotations of the eye. Thus, we study the effect on perceived heading of step wise changes of the heading direction across the retina.
Methods
Subjects were seated in front of a tangent screen (distance 2 m; width × height: 60 ×50°). On this screen the motion sequence, generated by a Silicon Graphics workstation (Onyx), was rear projected through a SONY projection system. Each session started with a calibration procedure to determine the position of the viewing eye relative to the screen's centre as described in van den Berg (1996) . This assured that the motion sequence was presented in the right perspective for the subject's eye. During the experiments the room was dark.
The simulated environment consisted of 512 red point targets (diameter: 15 min of arc) randomly arranged in a cloud that extended from 1 to 21 m in front of the subject. Six subjects participated in these experiments. Motion was shown to the left eye at the 120 Hz frame rate of the graphics computer. The right eye was patched.
In the first experiment, we aimed to determine the error that occurs as a result of the change in retino-centric heading direction. Each trial started with 0.5 s presentation of the stationary red fixation point (that was clearly discernable from the other dots because of its larger (2× ) size) on a blank screen. Subsequently, simulation of pure translation of the eye through the cloud at a speed of 2.5 m/s was shown for 1.5 s. In this condition, pure expanding motion is shown on the screen and its FO corresponds to the simulated direction of heading. The subject maintained fixation on the stationary fixation dot. The motion sequence was subdivided in intervals of equal duration. The heading direction in the first interval was randomized. At the start of each subsequent interval the heading direction was displaced horizontally. We varied the step-size of the change in heading direction (range: − 1.25 to 1.25°) and the duration of the intervals (166, 200 or 250 ms) randomly across trials. Thus, we varied the location of the retinal FO in a stepwise fashion during the trial. For each condition 20 trials were presented.
A potential cue for the detection of the heading change is a bend in the path of each moving point of the cloud. Because we wish to investigate the temporal properties of a mechanism that is sensitive to the centre of the expanding motion, we chose to eliminate this cue. This was done by refresh of all the points simultaneously at the instant of the heading change. During the refresh all the points were replaced by new dots at randomly chosen locations within the cloud. For the step size of 0°, the heading direction was constant throughout the trial; only the point refresh occurred at regular intervals.
At the end of the motion sequence the dots were replaced again and the subject indicated with a pointer (that could be moved horizontally through the scene with the mouse) the final perceived heading direction in the now stationary scene. During the presentation, some dots moved off-screen. However, dot density and number decreased only slightly, because of the frequent refresh of the points.
The fixation point was randomly offset (less than 5°) relative to the screen's centre in the horizontal direction. The simulated displacement of the heading direction during the trial was taken into account when randomizing the heading direction in the first epoch, so that the final simulated heading direction differed no more than 12.5°horizontally from the fixation point. These randomizations served to discourage the subject from pointing to fixed locations on the screen. The changing heading direction on the retina (H H%), while walking forward and fixating a point on the tree. The image of the tree expands and the image of the road and the heading direction shift to the left due to the eye's rotation to the right. Superimposed is a snapshot of the flow pattern due to the eye's translation and rotation. (b) Trial events in the Experiment 1. Panels show a sequence of snapshots of the flow on the screen. Pure expansion was shown in every frame. The focus of the expanding flow (FO) was stepped at instants indicated by a vertical bar and simultaneously all points on the screen were refreshed (R). In different trials the focus was stepped right or leftward. In contrast to the pictograms of the flow, the points and flow vector lengths were randomly distributed. The motion sequence was preceded by 500 ms of fixation and followed by a stationary screen with a pointer ( ) that was positioned by the subject to indicate heading. (c) In Experiments 2 and 3 events were as in the first but now all visible targets moved with a constant speed across the screen (indicated by the fat arrow) and subjects pursued the fixation point. The pictograms now show the flow on the retina of the tracking eye. The focus was stabilized on the retina for accurate smooth pursuit. In different trials the focus was stepped right or leftward. The final image contained only stationary dots on the screen and subjects set the pointer to indicate perceived heading.
In the second experiment, we aimed to investigate the effect of a pursuit eye movement signal on the relation between the retinal FO and the heading direction. The number of dots and the dimensions of the cloud were the same as in the first experiment. We presented radial flow to a moving eye (Fig. 1c) . We did not stabilize the flow on the retina by feedback of the eye's motion. Instead, the display as used in Experiment 1 was set in motion; i.e. to all the points (including the fixation point) a constant angular velocity was added in the simulation. Thus, we could manipulate the location of the FO on the retina and the pursuit eye speed independently.
The horizontal rotation was varied between − 2.5 and 2.5 deg/s in seven steps, including 0 deg/s. The subject was instructed to pursue the fixation dot if it moved and fixate it otherwise. To promote accurate pursuit, we presented the moving fixation point for 500 ms on the blank screen prior to presentation of the flow. If the subject pursued accurately the now moving fixation point, a purely expanding motion pattern was shown on the retina of the moving eye. This was checked in a separate experiment for four subjects (AB, JB, JG and MF). Pursuit eye speed was measured with the scleral coil technique (Skalar, Delft, The Netherlands). Eye positions were sampled at 250 Hz, low-pass filtered (cut-off 62.5 Hz) and stored on disk for off-line analysis. Smooth pursuit gain was computed from the eye position traces after removal of saccades.
The FO was stepped across the retina during the pursuit eye movement. During intervals of 250 ms, the focus of the expanding motion pattern was stable on the retina. Then, the FO was stepped to a new retinal location and all the points were refreshed. The displacement of the retinal FO was −1.25, 0 or 1.25°per step, corresponding to a rate of change of the retino-centric heading direction of 0 or 5 deg/s to the left or the right. Also in the case of 0°steps, the points were refreshed at 250 ms intervals. The initial heading direction relative to the fixation point and the (initial) location of the fixation point on the screen were randomly varied as in the first experiment. Again, subjects were instructed to indicate their final perceived heading direction with a post-motion pointer.
In the third experiment we aimed to study the effect of ego speed on the heading bias during pursuit. Procedures were as in the second experiment with the following changes: (a) only the condition without stepping was employed; (b) the simulated ego-speed was varied in five steps from 3.75 to 15 m/s; (c) pursuit eye rotation was 2.5 deg/s left or right ward or the eye fixated a stationary point; (d) the cloud extended from 19.9 to 20 m; and (e) 40 trials were offered per condition. Thus, we used a very flat cloud which closely approximates a frontal plane. The dot replacement insured nearly constant dot density and number of dots on the display throughout a trial. Moreover, because new dots were always generated at a distance of 20 m from the eye the average distance to the dots was nearly constant throughout the trial.
Results

Steps of the retino-centric heading direction during fixation
In the first experiment, the simulated heading direction (the FO) was moved horizontally across the retina in a sequence of steps (Fig. 1b) , while the subject fixated a stationary target on the screen. The small steps were barely discernable and most subjects were not aware that the focus position had actually changed during the presentation.
For each stepping rate of the simulated heading direction, we determined the linear relation between perceived and the final simulated heading direction. This linear relation showed no offset when the FO was stationary on the retina. Often the slope of this relation was less than 1.0, indicating that the subject underestimated the eccentricity of the heading direction. Such a tendency to point closer to the fixation point has been described before. Although this slope varied significantly between subjects (range: 0.4-1.0), very similar slopes for the different conditions were found within one subject; the difference was only rarely more than 0.1.
When the FO was stepped across the retina, a prominent offset occurred, i.e. for the same simulated heading direction, perceived heading was displaced systematically to the right or the left compared to the condition without steps (Fig. 2a) . This bias was opposite to the direction of stepping of the retinal FO, i.e. in the same direction as the simulated saccadic eye movement (Fig.  2a) . The magnitude of the bias depended linearly on the ratio of the step size and the interval between the steps; i.e. on the rate of change of the simulated heading direction on the retina (Fig. 2b) .
For different subjects the bias increased by 0.3-0.63°p er deg/s stepping rate. The linear increase of the bias with stepping rate is consistent with a lag. The slope of this line has the dimension time and corresponds to the delay. For different subjects, perceived heading lags the simulated location of the focus by 300-630 ms (Fig.  2c ). This delay is much times longer than the visual processing delay for unidirectional motion (van Doorn & Koenderink, 1982; van de Grind, Koenderink & van Doorn, 1986) , detection of shear motion (Nakayama & Tyler 1981) or the processing delay for smooth pursuit (Robinson, 1965; Carl & Gellman, 1987) . However, one earlier report mentions 300 ms as the processing time required to reach asymptotic performance in a heading discrimination task (Crowell, Banks, Swenson & Sekuler, 1990) .
This large processing delay would, if not compensated for, cause errors in the perceived heading. For example, when one pursues a target that moves at 6 deg/s while cycling, errors on the order of 2 -3°would occur. However, when the rotation is self-generated, compensatory mechanisms for the delay based on efference copy signals or even the rotational component of flow might come into play. Such mechanisms have been proposed to explain the accurate and practically lagfree eye pursuit of predictable target motion. Also, subjects perceive a moving target as shifted forward relative to a flashed target, even when their retinal locations are aligned at the instant of the flash (Nijhawan, 1994 (Nijhawan, , 1997 . The shift corresponds to a 100 ms lead and has been argued to compensate for visual latency in order to maintain a veridical cortical representation of the spatial locations of moving and stationary targets (for a different view however, see Purushothaman et al., 1998) . The processing delay for direction of heading appears to be at least three times longer. Maintaining veridical percepts of the spatial relation between the changing retino-centric heading direction and a pursued target in the environment would then require a similar compensation mechanism. Because the error due to the processing of heading is linearly dependent on the eye's rotation, we ask if eye movement signals help to compensate for the error caused by the latency of heading perception.
Steps of the retino-centric heading direction during pursuit
We found that the smooth ocular pursuit gain was between 0.95 and 1.05 in the four subjects tested. Thus, Fig. 2. (a) Raw pointing data for subject MF, fixating a stationary dot on the screen. Perceived heading depended linearly on the (final) retinal location of the focus (final simulated heading). When the focus was not stepped, no offset occurred (). Rightward stepping of the focus caused a leftward bias (the offset of the linear regression line fitted to the data) of pointing () and leftward stepping a rightward bias (). The slopes of the lines are lower than 1.0, because this subject had a tendency to underestimate the eccentricity of heading. (b) The bias depends linearly on the stepping rate. Direction of steps in this figure indicates the direction of the simulated saccadic eye movement, i.e. opposite to the direction of the steps on the screen. This facilitates the comparison with Fig. 3 . The slope of this line has dimension time and provides an estimate of the processing time of the expansion flow. (c) The slope as defined in (b) for six subjects. The arrow marks the data that are shown in (b). Slopes measured in Experiment 1 (variable stepping speed for fixation) are compared to the slopes measured in Experiment 2 (shaded bars: eye pursuit and no steps of the focus; symbols are for pursuit and focus steps to the right () or focus steps to the left ()). Biases are opposite and not equal in magnitude when stepping speed and pursuit speed are equal. The bias in the pursuit condition is much larger than the bias observed in Experiment 1, resulting in a much higher slope. Error bars indicate 9 S.E.M. Fig. 3 . (a) Bias of perceived heading is opposite to the pursuit eye movement for a retinally stabilized focus. For focus stepping to the right (5 deg/s) across the retina during the pursuit eye movement, the bias changes in a leftward direction. This results in unbiased pointing for leftward pursuit at about 1.5 deg/s (). When the focus is stepped across the retina to the left, unbiased pointing occurs for pursuit to the right (). The ratio of the pursuit speed to the stepping speed for which the bias is nulled is therefore less than 0.3 for this subject (RM). (b) Speed ratio of pursuit and stepping of the focus at which unbiased pointing occurs for 6 subjects.
when the FO was stepped across the retina. Thus, apart from this one subject, the stepping rate simply added a bias to that caused by the eye pursuit. For steps to the right, heading became more biased to the left. For stepping of the retino-centric FO to the left, the perceived heading became more biased to the right compared to the condition without steps of the retino-centric FO. Thus, the heading bias decreased when the pursuit and stepping directions were opposite, and increased when the directions coincided. The biases due to pursuit and due to the stepping across the retina canceled at some pursuit speed (Fig. 3a: solid symbols) . In subject RM, for example, the bias for the 5 deg/s stepping speed to the right was about 3°to the left as shown by the positive bias of the squares relative to the triangles at all pursuit speeds. The bias for pursuit without steps at 1.5 deg/s pursuit to the left was about − 3 deg/s. Indeed, for a combination of 1.5 deg/s pursuit to the left and steps of the retinal FO to the right at 5 deg/s the biases canceled. We found for all subjects that the bias in perceived heading was nulled for pursuit at speeds two to five times lower than and opposite to, the rate of change of the retinal FO (Fig.  3b) .
Normally, the eye's pursuit causes opposite rotation of the heading direction across the retina with the same speed. Hence, if the bias due to pursuit serves to compensate for the latency of heading perception, one would expect the biases to cancel when the pursuit speed equals the stepping rate. Nulling ratio's lower than 0.5 (Fig. 3b) imply that the bias due to the pursuit eye movement overcompensates the error due to the processing delay by a factor of 2 or more. What could be the reason for this overcompensation?
Steps of the retino-centric heading direction during pursuit: the effect of simulated forward motion
Possibly, the larger bias during pursuit is related to the rotational flow, that normally accompanies the eye rotation. After all, when the eye pursues a target during forward motion, the rotational flow will displace the retinal focus in the same direction as the eye movement. Thus, the error due to the rotational flow and that caused by the processing delay will be in the same direction. The results of Experiment 2 may simply reflect the combined compensation for processing delay and for the focus shift due to the rotational flow.
This may also provide an explanation for the larger variation across the subjects in the slope of the pursuit bias than the variation in the processing delay. The additional variation probably reflects the varying extent to which subjects rely on extra-retinal signals for compensation for the rotational flow (van den Berg, 1996 . the rotational flow on the retina was virtually absent, and pure expansion was indeed shown to the moving eye. For each combination of pursuit eye movement and stepping rate, we found a linear relation between perceived-and the final-simulated heading direction. When the FO was maintained at a constant eccentricity on the moving retina (0°steps of the focus), perceived heading deviated from the FO opposite to the pursuit direction (Fig. 3a: ). The bias (°) was linearly related to the eye's speed (in deg/s) with a slope of − 0.7 to − 3 s for different subjects (Fig. 2c, shaded bars) .
When the FO was stepped across the moving retina ( Fig. 3a: , ) the bias changed, depending on the stepping rate, but the slope of the relation between heading bias and eye pursuit speed changed little in most subjects (Fig. 2c: , ) . In one subject (AB, the author), the slope of the pursuit related bias increased, The bias during the pursuit eye movement serves a dual purpose: (a) reduction of the effects of rotational flow on heading perception; and (b) compensation for the errors due to a processing delay for heading. We attempted to dissociate these two components on the basis of the following logic. For geometrical reasons, the rotational flow displaces the retinal FO relative to the heading direction by an amount that is inversely proportional to the ego-speed and proportional to the distance (Longuet-Higgins & Prazdny 1980; Koenderink & van Doorn 1987) . Thus, an increase of the distance increases the shift, while an increase of the ego-speed decreases the shift of the retinal FO due to the rotational flow. The bias due to the extra-retinal signal should have the same properties, to the extent that it compensates for the effect of rotational flow. In contrast, a component of the heading bias that serves to compensate for the processing delay should not depend on the flow at all and should be independent of the simulated ego-speed.
This leads to the prediction that the slope of the bias in Fig. 3a should diminish inversely proportional to the simulated ego-speed, down to an asymptotic level corresponding to the processing delay. Strictly, this holds, when the distance does not vary at the same time. For points at various distances, as for a cloud of dots, the shift of the retinal FO is difficult to predict. If the visual system attaches different weight to points at different distances, the shift that needs to be compensated will approximately correspond to that distance with the highest weight. If the maximal weighted distance varies for different ego-speeds, the amount of shift to be compensated depends in a complicated way on the ego speed and the scene geometry. For a cloud then, the decline of the slope may differ from being inversely proportional to the simulated ego-speed. This complication does not arise, however, for a fronto-parallel plane, because only points at a single distance occur. We tested then our hypothesis by repeating the pursuit experiment under variation of the simulated ego-speed, using a frontal plane.
As for Experiment 2 we found a heading bias that was proportional and opposite to the pursuit eye movement. Fig. 4a , for example, shows the pointing responses of subject JG for the three different eye rotations (, 2.5 deg/s to the right; , fixation; , 2.5 deg/s to the left), and two simulated ego-speeds (5 and 15 m/s). The perceived heading during pursuit was biased opposite to the eye rotation irrespective of the simulated heading. The bias was larger for the lower simulated ego-speed. For 15 m/s the perceived heading shifted by about 3°for 2.5 deg/s eye rotation, while for 5 m/s the shift was about 6.5°for the same eye pursuit. For each ego-speed the change in bias as a function of the eye rotation was determined and characterised by a slope parameter (Fig. 4b) . Because this slope parameter has the dimension time we call this the pursuit related temporal shift of heading direction (PTSH). Fig. 4c shows that PTSH was inversely proportional to the simulated ego-speed (r 2 = 0.96). For all subjects but one, the PTSH declined when ego-speed increased with a parameter of between 1.9 and 9 m. The responses of subject JB were atypical. The slope of the bias remained approximately the same for subject JB when the simulated ego-speed increased.
Interestingly, the PTSH did not decline to zero when the inverse ego-speed did. The PTSH, when extrapolated to infinite ego speed (1/speed =0) was called the asymptotic PTSH. The asymptotic PTSH was estimated for five subjects and compared to the processing delay as estimated from the first experiment.
The asymptotic PTSH differed from zero (AB, PB 0.15; JB, PB 0.03; MF, PB0.01; JG, PB 0.03; RM, PB 0.01). As shown in Fig. 5 , subjects with long delays (500-700 ms) in Experiment 1 had a large asymptotic PTSH (650-820 ms) and subjects with small delay (240-340 ms) had smaller asymptotic PTSH (290-382 ms). S.E.M. of the asymptotic PTSH was usually less than 100 ms.
Discussion
We investigated the latency for heading perception. We presented step wise changes of the centre of expanding flow to stationary and moving eyes. The steps mimic the movement of the heading direction across the retina such as occurs during eye rotation, but avoid the complicating effects of rotational flow, because the flow is at any time a pure expansion on the retina. For a stationary eye, we found that perceived heading lagged the actual heading. Yet, errors in perceived heading are marginal normally, because we found an opposite bias for the moving eye, which counters the errors due to latency. This suggests that the extra-retinal signal of the pursuit eye movement and the delayed visual signals are combined to compensate for the error caused by the visual processing time.
We estimated processing times that ranged from 300 to more than 600 ms for different subjects. How do these numbers compare to earlier studies?
The processing time for heading perception
First, we remark that temporal integration leads to a low-pass frequency characteristic that is indistinguishable from a pure delay for frequencies that are low compared to the cut-off frequency of the system. Because we did not perform a frequency analysis of heading perception, the present experiments do not allow us to distinguish whether errors are caused by a pure processing delay or whether temporal integration The bias as a function of eye rotation rate with simulated ego translation as the parameter. For each speed linear regression was done. The offsets differed significantly (P B0.05) from 0.0 at only two speeds. These offsets were smaller than 0.5°. The slopes, however, did significantly differ from 0.0 and declined for faster ego translation. The slope has the dimension time and indicates the pursuit related temporal shift of the heading direction (PTSH). (c) The PTSH depends on the speed of ego translation as PTSH = c 1 +c 2 /ego-speed. The linear regression reveals that PTSH declines to an asymptotic value c 1 that differs significantly from 0.0 and is about 0.74 s in this subject.
is at the heart of the phenomena we have reported. With this proviso we compare our findings to earlier estimates for the processing time and/or temporal integration of retinal flow patterns.
A number of studies have addressed the issue of temporal integration of motion signals. Watamaniuk and Sekuler (1992) investigated the discrimination threshold for the global direction of motion of a field of random dots. Individual dots moved in directions that differed randomly from the mean with an S.D. of 4.3 or 25.5°. For increasing presentation time the direction threshold decreased down to an asymptotic level. The asymptotic level was reached at 420 -530 ms duration for different subjects and S.D. levels. Similar estimates of the temporal integration using slightly different procedures were reported by Williams and Sekuler (1984) (440 ms) and Watamaniuk, Sekuler and Williams (1989) (580 ms). Crowell et al. (1993) reported that heading direction discrimination declines to an asymptotic level after about 300 ms. We find a longer processing time in most subjects. One reason for this difference may be the very different procedure we used to obtain our estimate. In the older studies the presentation time was varied but no visual mask was given following the stimulus. This means that visual processing may have continued following the presentation causing an underestimation of the heading processing time. In the present experiment, the motion sequence was terminated with a final refresh of all the dots and a stationary random dot pattern was shown during the response period. Such a refresh is believed to terminate processing of the prior visual stimulus.
Another reason why we find a longer processing time may be the increased noise in the present experiment due to the dot refresh. Interestingly, similarly long integration times were reported by Treue, Husain and Andersen (1991) . They asked subjects to discriminate between a collection of incoherently moving random dots and a similar collection of dots of which the motion represented a rotating cylinder. In this structure from motion task the points were refreshed at regular intervals. Asymptotic performance was reached after about six point lifetimes (600 ms). This suggests that the analysis of shape from retinal flow and the perception of heading from retinal flow are tasks of similar complexity.
Finally, in a recent study Hooge, Beintema and van den Berg (1999) asked subjects to saccade to the focus of a briefly (1 s) presented expansion flow. The ) is shown (Experiment 3 data) for five subjects. For comparison, the slopes found in Experimentfirst saccade occurred between 100 and 700 ms after stimulus onset. The bulk of the saccades started within 500 ms. The error in direction and magnitude of the saccade declined as the saccade was initiated later, consistent with a progressive improvement of the perceived goal direction over time. The latency at which the end-saccadic error did not improve further, was about 500 ms. As the saccade cannot be modified by visual signals some 70 ms before its initiation (Hooge, Boessenkool & Erkelens, 1996) the heading processing was apparently completed after about 430 ms. Although the estimates in the literature and those reported here vary in magnitude, which is not too surprising given the variation in experimental design, they generally confirm that integration/processing times for retinal flow are on the order of several hundreds of ms. This not only holds for motion direction discrimination and structure-from-motion tasks, but also for the discrimination of the locus of an expanding motion pattern.
The long integration/processing time does not mean that the visual system cannot provide other information regarding such motion patterns on a faster track. For example, to detect radial flow (expanding or contracting), much less time is required (85 ms with backward masking; DeBruyn & Orban, 1993) and even the identification of the direction (expansion or contraction) in a mixture of radial flow and curl requires only 170 ms (DeBruyn & Orban, 1993) . Similarly, Busetini, Masson and Miles (1997) recently reported short latency eye vergence in response to radial optic flow. These authors found that a looming display, presented in the wake of a saccade, evokes convergence with a latency of about 80 ms, while a swift divergence occurred in response to contracting motion. These observations show that the visual system can quickly process expanding motion patterns. This is also apparent from neurophysiological data of the monkey. Cells in area MST are known to respond with latencies of less than 50 ms to the onset of large uniform motion (Kawano, Shidara, Watanabe & Yamane, 1994) . The earliest, but least selective responses to optic flow patterns begin within 100 ms. Tonic responses with longer latencies (100 -300 ms) are more selective for specific optic flow patterns (Duffy & Wurtz, 1997) . However, we cannot conclude from such data that the locus of the centre of an optic flow pattern is already specified in the neural activity after such a brief interval. This information is likely specified in the activity distribution over a large collection of cells. A locus of maximum activity may develop more slowly in such a collection of cells.
The combined behavioural data show that finding the heading direction from the retinal flow may take much longer than directional discrimination (i.e. expansion vs. contraction or left vs. right ward motion) of flow components. Given the fact that the heading direction is processed quite slowly, how come we do not suffer from erroneous heading percepts while we move our eyes?
Extrapolation of the locus of outflow on the retina?
In the second experiment, we presented a flow pattern on the screen that resulted in pure expansion on the retina if an appropriate pursuit eye movement was made. Interestingly, some subjects reported that they had perceived ego motion on a curved path in part of the trials with eye pursuit. We found in all subjects a bias of the perceived heading opposite to the direction of the pursuit eye movement. Such a bias has been reported before (Banks, Ehrlich, Schor, McCandles & Crowell, 1993; Beintema, Hooge, & van den Berg, 1997) . One potential explanation for this bias would assume that the pursuit eye movement was too slow. This would result in a combination of expansion and laminar flow on the retina. Such a motion pattern, if presented to a stationary eye often evokes perceived ego motion on a path that curves in the direction opposite to the laminar flow on the retina van den Berg, 1996; Crowell, Banks, Shenoy & Andersen, 1998; Ehrlich et al., 1998) . If eye pursuit were too slow, the laminar component of the retinal flow would be in the same direction as the eye movement and path curvature and errors of perceived heading opposite to the pursuit eye movement would be expected. However, this explanation is less plausible, because accurate pursuit was found with deviations of the eye speed from the desired value of less than 5%. Hence, the laminar flow on the retina would be less than 0.15 deg/s. This is an order of magnitude too small to explain the heading bias that we observed. Thus, we believe the heading bias during pursuit was not caused by deviations from pure expansion flow on the retina.
If the response were solely determined by the retinal stimulus subjects should be able to point accurately to the FO, and no horizontal bias would be expected (te Pas, 1996) . Thus, the bias reflects the influence of an extra-retinal signal on heading perception. Normally, the flow contains components due to ego rotation and ego translation (Royden et al., 1992; van den Berg, 1992) . As mentioned in Section 1, the flow due to rotation causes a shift of the FO relative to the heading direction, which is (partly) compensated by the extraretinal signal. Also, the extra-retinal signal is believed to play a role for discrimination of the very similar flow fields due to ego rotation+ ego translation and due to ego motion on a curved path (Royden, 1994 (Royden, , 1997 . Possibly, the bias that we observe reflects this compensatory shift. How then does the bias that we observe compare to the shift of the retinal focus, that one would expect for the eye rotation and scene geometry that we used in our experiment? The expected shift can be estimated from the average distance (z) in the cloud of dots and the rotational () and translational (T) speeds s:
or, shift/deg/s rotation :z/T
For a 500 ms processing delay, the response would be based on the flow 500 ms before stimulus termination, i.e. after 1 s of stimulus presentation. Taking into account the scene geometry at earlier instants would lead to larger predicted shifts because the average distance is larger. One can then estimate the expected shift in Experiment 2 as 5°per deg/s eye rotation. To fully compensate by the extra-retinal signal, we should expect then a bias of about 5°per deg/s pursuit in Experiment 2. Instead, we found much smaller shifts, up to 3°per deg/s pursuit. This is consistent with the observations of Beintema et al. (1998) that the extraretinal signal does not compensate fully when rotational retinal flow is missing.
From the above equation we may observe that the expected focus shift decreases for increasing simulated forward motion (T). This formed the rationale for our Experiment 3 and the choice to analyse the data in terms of a function that is inversely proportional with ego-speed.
The bias due to the pursuit eye movement did not disappear for fast simulated forward motion. At high translational speed, eye rotation causes a negligible shift of the focus away from the heading direction. Similarly, if the rotational flow is caused by motion on a curved path, the curvature associated with a fixed rotation will vanish when the translational speed increases to infinity. Thus, when the ego speed increases path curvature and the shift of the FO will vanish simultaneously, obviating the need for compensation by an extra-retinal signal. Yet, systematic pointing errors opposite to the eye rotation occur when radial motion is shown on the retina. This bias is proportional to the rotational speed and equivalent to a lead time of several hundred ms. For each subject this magnitude was found to be close to the processing delay for heading perception (300 -600 ms, Fig. 4b) as estimated from the errors in Experiment 1. For most subjects the compensation for the latency was larger than the latency of heading perception. This seems awkward, but it may mean that the latency as determined from experiment 1 is actually too short. In that experiment a pure expanding motion pattern was used. However, under normal conditions the retinal flow will contain a rotational component as well. Perception of heading in such conditions may take even more time, as the visual system now also needs to separate the rotational from the translational flow.
Experiment 1 and 3 together suggest, that although the long processing time for heading perception would cause errors in perceived heading in the same direction as the pursuit eye movement this error is compensated by a predictive shift of the perceived heading opposite to the pursuit eye movement and proportional to the eye's rotational speed. Experiment 2 and 3 together show that the bias in perceived heading that is related to the extra-retinal signal serves a dual purpose: compensation for the flow due to the eye's rotation and compensation for the processing time for perception of heading from retinal flow.
This result reminds us of the predictive compensation for the 100 ms smooth pursuit latency (Dallos & Jones, 1963; Barnes, Donnely & Eason, 1987; van den Berg, 1988 ) when target motion is regular. For example, when a slow (B 0.5 Hz) sinusoidally moving target is pursued by eye, the phase lag of the pursuit movement is typically nulled within a quarter cycle. For pursuit, the latency causes the eye to lag the target motion. To compensate this, the eye needs to be directed to a location that is advanced in the direction of the pursuit movement. Brenner and Smeets (1998) asked subjects to adjust the location of a flashed target during pursuit so that its perceived head-centric direction was the same as the fixed location of another flashed target. The fixed target flashed during horizontal pursuit in one direction, the adjustable target flashed during the other half-cycle. The adjusted position was different from the fixed target's location by an amount, that was consistent with perceived position leading the actual position by about 100 ms. Thus, the perceived position of a target is displaced in the same direction as the eye's movement.
The present phenomenon is different, however. It is different quantitatively, because the delay involved is three to six times larger. There is also a qualitative difference. We find here that the pursuit eye movement causes a bias of the perceived heading direction opposite to the pursuit movement. This is appropriate, because the eye rotation moves the projection of the heading direction on the retina in the opposite direction as the eye movement like any stationary object in the environment. The processing delay results in a deficit in this opposite rotation and the compensatory mechanism should adjust for this deficit; i.e. the predictive compensation should rotate the perceived heading direction opposite to the eye rotation. Together, these predictive mechanisms result in perception of the current angles of heading direction and target direction and thus serve to maintain veridical perception of spatial relations during self-motion.
